Introduction {#Sec1}
============

Amino acids are the building blocks of proteins, thus they are regarded as an ideal model for the study of protein functioning and their complex structure \[[@CR1], [@CR2]\]. The functional properties of protein molecules depend upon their three dimensional structure which arises due to a particular sequence of amino acids (hereafter written as AA) in a polypeptide chain. All AAs exists as zwitterionic species in aqueous solutions \[[@CR3]\], thus their thermodynamic properties in a variety of media can provide valuable information about the stability and denaturation of proteins \[[@CR4]--[@CR16]\]. Recently, Lomesh and Kumar \[[@CR17], [@CR18]\] have reported the volumetric and acoustic properties of glycine, diglycine, [l]{.smallcaps}-alanine and [l]{.smallcaps}-phenylalanine in water and in 0.1 mol·kg^−1^ aqueous citric acid at different temperatures. Further, a literature survey reveals that not much systematic data is available regarding the thermodynamic and transport properties of AA as a function of concentration in citric acid solutions at different temperatures.

Citric acid (CA) (2-hydroxy-1,2,3-propanetricarboxylic acid) is a tri-basic acid and common metabolite of plants and animals. It is an environmentally acceptable organic acid, used in food, beverages, pH adjustment in buffers, and pharmaceuticals (as an acidifier) \[[@CR19], [@CR20]\], and is known to increase the stability of proteins \[[@CR13]\]. The presence of one hydroxyl and three carboxyl groups in CA provides effective chemical properties so that it can act as an important metabolite in the citric acid cycle (CAC) of all aerobic organisms \[[@CR21]\]. It also acts as a precursor for the bio-synthesis of many compounds in CAC including AA \[[@CR22]\]. Therefore, it is of great interest to investigate the molecular interactions of AA with CA which can influence the behavior and conformational stability of proteins. In light of the above facts, presently we report the apparent molar volumes $\documentclass[12pt]{minimal}
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                \begin{document}$$(n_{\text{H}} )$$\end{document}$. The volumetric behavior of glycine in aqueous CA solutions (present work) are compared with glycine in aqueous succinic acid (SA) solutions, reported earlier from our laboratory \[[@CR23]\].

Experimental Section {#Sec2}
====================

Chemicals Used {#Sec3}
--------------

Glycine (C~2~H~5~NO~2~), [l]{.smallcaps}-alanine (C~3~H~7~NO~2~) and citric acid (C~6~H~8~O~7~) of analytical grade with mass fraction purity ≥ 99% were procured from S. D. Fine Chemical Ltd. (SDFCL), India. Specifications of the chemicals used are given in Table [1](#Tab1){ref-type="table"}. All the chemicals were used without any further purification; however, they were dried in a vacuum oven for 24 h at *T* = 318.15 K, and then kept in a vacuum desiccator over anhydrous CaCl~2~ prior to their use.Table 1Specifications of the chemicals used in present workChemical nameMolecular formulaStructureMolecular weight ($\documentclass[12pt]{minimal}
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Deionized, double distilled and degassed water with specific conductance \< 1 × 10^−4^ S·m^−1^ was used to prepare all the solutions. The pHs of the experimental solutions were checked using a pH meter (Systronics digital pH meter-335, India). The standard deviation obtained for the whole set of experimental data is ± 0.02 pH unit. Accuracy in pH measurements was checked by calibrating the pH meter using standard buffer solutions of pH 7.00 and pH 9.20. The pHs of the stock solutions, *i.e.* at all concentrations of aqueous citric acid solutions, lie between 2.08 and 2.44, in the case of glycine in aqueous citric acid solutions the pHs lie from 1.96 to 3.61 and for [l]{.smallcaps}-alanine in aqueous citric acid solutions it varies from 1.99 to 3.94. Solutions were prepared on the molality basis using a Citizen CY-204 balance having a precision of ± 0.1 mg. The overall uncertainty in molality was estimated to be \< 5 × 10^−3^ mol·kg^−1^. Solution densities were measured using a vibrating-tube digital density meter (DMA 4500 M from Anton Paar, Austria). The sensitivity of the instrument corresponds to a precision in density measurements of ± 1 × 10^−2^ kg·m^−3^ and accuracy of ± 5 × 10^−2^ kg·m^−3^, respectively. The density meter has a built in thermostat to maintain the desired temperatures within ± 0.01 K and was calibrated with double distilled and degassed water before each series of experiments. The performance of the density meter was checked by measuring the densities of aqueous sodium chloride (NaCl) solutions, which agree well with the literature values \[[@CR24]\] as shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Representative plots of densities $\documentclass[12pt]{minimal}
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Results and Discussion {#Sec4}
======================

Volumetric Properties {#Sec5}
---------------------
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                \begin{document}$$\Delta_{\text{tr}} \phi_{V}$$\end{document}$ values for glycine in CA are higher in contrast to glycine in SA solutions \[[@CR23]\], which is attributed to the presence of additional hydrophilic groups in CA that leads to the formation of strong hydrogen bonding with glycine (Scheme [2](#Sch2){ref-type="fig"}).

The McMillan--Mayer theory of solutions \[[@CR43], [@CR44]\] permits the formal separation of the effects due to the interactions between two or more solutes. According to this theory, the pair and triplet interaction coefficients (*V*~AB~) and (*V*~ABB~) can be calculated from the partial molar volumes of transfer $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\text{c}}$$\end{document}$ is the molality of CA. The *V*~AB~ and *V*~ABB~ values of glycine/[l]{.smallcaps}-alanine in aqueous CA solutions are given in Table [4](#Tab4){ref-type="table"}. The *V*~AB~ values for glycine (except at 298.15 K) and [l]{.smallcaps}-alanine in aqueous CA solutions are found to be negative at different temperatures. On the other hand, the *V*~ABB~ values are negative for glycine and positive for [l]{.smallcaps}-alanine over the entire temperature range. From Table [4](#Tab4){ref-type="table"} it is also observed that the magnitude of *V*~AB~ and *V*~ABB~ values for [l]{.smallcaps}-alanine are greater than for glycine in CA, which suggest that [l]{.smallcaps}-alanine interacts more strongly with CA. Overall, the higher magnitude of *V*~ABB~ values for [l]{.smallcaps}-alanine in CA at the studied temperatures indicates the dominance of triplet interactions. Pair interactions dominate for glycine in the presence of CA at lower temperatures (*i.e.* 288.15 and 298.15 K) whereas at higher temperatures (*i.e.* 308.15, 310.15 and 318.15 K) triplet interactions dominate. The reverse trend of *V*~AB~ and *V*~ABB~ values has been observed for glycine in SA, *i.e. V*~AB~ dominates at high temperature whereas *V*~ABB~ dominates at low temperature (no specific reason mentioned). The observed behavior of *V*~AB~ and *V*~ABB~ values for glycine in CA may be attributed to the presence of some cooperativity in the interaction of the alkyl group (hydrocarbon part), *i.e.* when two hydrocarbon groups come in contact with each other then it is easier for the third group to join the other two \[[@CR45]\].Table 4Pair $\documentclass[12pt]{minimal}
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Hepler \[[@CR46]\] used the following thermodynamic relation by which qualitative information regarding hydration of a solute can be evaluated from the thermal expansion:$$\documentclass[12pt]{minimal}
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                \begin{document}$$(\partial^{2} \phi_{V}^{\text{o}} /\partial T^{2} )_{p}$$\end{document}$ values suggest that the solute behaves as a structure maker. It can be seen from Table [5](#Tab5){ref-type="table"} that glycine predominantly acts as a structure breaker whereas [l]{.smallcaps}-alanine acts as a structure maker. It is concluded that the structure-breaking and structure-making behavior of glycine and [l]{.smallcaps}-alanine in CA may be attributed to the absence of the caging effect \[[@CR47]\]. Similar behavior for glycine in SA is observed for the $\documentclass[12pt]{minimal}
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                \begin{document}$$(\partial^{2} \phi_{V}^{\text{o}} /\partial T^{2} )_{p}$$\end{document}$ values. Overall, the structure breaking tendency of glycine in the presence of CA is higher than for glycine in SA \[[@CR23]\]. This may be attributed due to partial dissociation of CA which tends to destruct the hydrogen bonded structure of water, and then water behaves as a normal (*i.e.* non associated) liquid. The equilibrium of different water species (*i.e.*, a hydrogen bonded structure associated with a normal liquid) is temperature dependent. Elevation in temperature leads to the expansion of volume with increase in the fraction of non-associated water molecules. In addition, the water structure changes from the combined effects of increased temperature and with increase in the CA concentration \[[@CR19]\].

Hydration Number {#Sec6}
----------------
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                \begin{document}$$\left( {n_{\text{H}} } \right)$$\end{document}$ reflects the electrostriction effect of the charge centers of amino acids on nearby water molecules. Millero et al. \[[@CR48]\] reported a relationship between the limiting electrostriction contribution to the partial molar volume and hydration number of the non-electrolytes as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\phi_{{V , {\text{e}}}}^{\text{o}}$$\end{document}$ is the limiting molar volume of electrostricted water and $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi_{{V , {\text{b}}}}^{\text{o}}$$\end{document}$ is the molar volume of bulk water. For every water molecule taken from the bulk phase to the region near an AA, the $\documentclass[12pt]{minimal}
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                \begin{document}$$(\phi_{{V , {\text{e}}}}^{\text{o}} - \phi_{{V , {\text{b}}}}^{\text{o}} )$$\end{document}$ values are − 2.9, − 3.3 and − 4.0) × 10^−2^ m^3^·mol^−1^ at *T* = (288.15, 298.15 and 308.15) K, respectively \[[@CR48]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values of glycine/[l]{.smallcaps}-alanine in water and in aqueous CA solutions are summarized in Table [6](#Tab6){ref-type="table"}. The $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values of glycine/[l]{.smallcaps}-alanine in water are in good agreement with the literature values and are shown in Figs. [13](#Fig13){ref-type="fig"} and [14](#Fig14){ref-type="fig"} \[[@CR26]--[@CR28], [@CR49]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values of glycine and [l]{.smallcaps}-alanine increase with increase in the concentration of CA, which further suggests that water in the immediate vicinity of charged centers of glycine/[l]{.smallcaps}-alanine in aqueous CA solutions is highly electrostricted leading to higher $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values. The decrease in $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values with increases in temperature may be attributed to the weakening of the electrostriction effect of charged centers, which then leads to stronger interactions between glycine--CA and [l]{.smallcaps}-alanine--CA. It also shows that CA exerts a dehydration effect in the present systems.Table 6Hydration number $\documentclass[12pt]{minimal}
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                \begin{document}$$\left( {n_{\text{H}} } \right)$$\end{document}$ of glycine/[l]{.smallcaps}-alanine in water and in aqueous CA solutions at *T* = (288.15, 298.15 and 308.15) K*m*~c~ (mol·kg^−1^)$\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$*T(*K): 288.15298.15308.15Glycine 0.003.27^a^\
(3.26^b^, 3.27^c^, 3.28^d^)2.64^a^\
(2.58^b^, 2.60^c^, 2.61^d^)2.00^a\ a^\
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(4.17^d^)3.45^a^\
(3.45^b^)2.73^a^\
(2.68^b^, 2.72^d^) 0.054.213.683.01 0.104.243.713.03 0.204.293.723.05 0.304.323.773.08 0.404.353.783.10 0.504.383.833.12()~SA~ are the $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values of glycine in aqueous SA solutions \[[@CR23]\]^a^Present work^b^Reference \[[@CR28]\]^c^Reference \[[@CR27]\]^d^Reference \[[@CR49]\] Fig. 13Comparison plots of hydration number ($\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}} )$$\end{document}$ of glycine in water at different temperatures, *T *= (288.15, 298.15 and 308.15) K Fig. 14Comparison plots of hydration number ($\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}} )$$\end{document}$ of [l]{.smallcaps}-alanine in water at different temperatures, *T *= (288.15, 298.15 and 308.15) K
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values for glycine/[l]{.smallcaps}-alanine in water than in CA indicate that glycine/[l]{.smallcaps}-alanine are more hydrated in the presence of CA. Also, the higher $\documentclass[12pt]{minimal}
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                \begin{document}$$n_{\text{H}}$$\end{document}$ values for glycine in SA than in CA further suggests that SA has a strong dehydrating effect on glycine. This may be due to the presence of hydrophilic groups (*i.e.*, --OH and --COOH in CA) which leads to the formation of hydrogen bonding.

Apparent Specific Volumes and Taste Quality {#Sec7}
-------------------------------------------

CA and inorganic citrates are active ingredients in many dosage forms. It is a natural preservative which is used to add an acidic or sour taste to foods and drinks. The taste behavior can be verified on the basis of the apparent specific volumes ($\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi }$$\end{document}$) which gives a direct measure of the dislocation of water molecule by the solute and reflects its compatibility with water. $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi }$$\end{document}$ has been calculated by using the following equation \[[@CR50]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi } = \phi_{{v}} /M$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi_{V}$$\end{document}$ is the apparent molar volume and *M* is the molar mass of glycine/[l]{.smallcaps}-alanine and $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi } \times 10^{ - 3} {\text{m}}^{3} {\cdot} {\text{kg}}^{ - 1}$$\end{document}$ bears a relationship to taste quality in the order salt \< ∼ 0.33, sour ∼ 0.33 to \~ 0.52, sweet ∼ 0.52 to \~ 0.71, and bitter ∼ 0.71 to ∼ 0.93 \[[@CR51]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi }$$\end{document}$ values for CA in water, glycine/[l]{.smallcaps}-alanine in water, in aqueous CA and glycine in aqueous SA solutions are given in Table S2. It is observed from Table S2 that the $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi }$$\end{document}$ values of glycine/[l]{.smallcaps}-alanine in water and in aqueous CA solutions (range from 0.55 to 0.69) fall in the sweet taste behavior range (except for [l]{.smallcaps}-alanine at $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\text{c}}$$\end{document}$ = 0.05 $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{mol}} {\cdot} {\text{kg}}^{ - 1}$$\end{document}$), which may be due to hydrophobic interactions occurring in these ternary systems. The result obtained from the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta _{\text{tr}} \phi_{V}$$\end{document}$ data, which further strengthens the view that hydrophobic interactions are dominating in these systems. In the case of SA, the $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\phi }$$\end{document}$ values of glycine tend to show sour-to-sweet taste behavior (ranges from 0.47 to 0.61) with increase in concentration and temperature. The obtained trend in SA may due to the displacement of a large number of water molecules by hydrophobic groups \[[@CR52]\].

Conclusions {#Sec8}
===========
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                \begin{document}$$\Delta_{\text{tr}} \phi_{V}$$\end{document}$ values obtained for glycine/[l]{.smallcaps}-alanine in aqueous CA solutions suggest the dominance of hydrophilic--hydrophobic and hydrophobic--hydrophobic interactions in these systems. Triplet interactions dominate over pair interactions in the case of [l]{.smallcaps}-alanine compared to glycine in CA, which indicates that [l]{.smallcaps}-alanine interacts more strongly with CA. At low concentrations of CA, glycine/[l]{.smallcaps}-alanine act as structure breakers whereas at high concentrations of CA, glycine/[l]{.smallcaps}-alanine act as structure makers. Also, it is evident that CA has a dehydration effect on amino acids. The results obtained for $\documentclass[12pt]{minimal}
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                \begin{document}$$\upsilon_{\phi}$$\end{document}$ values suggest that CA enhances the sweet taste behavior of glycine/[l]{.smallcaps}-alanine with rise in temperatures. Comparative studies of glycine in aqueous CA and aqueous SA solutions show that the stronger interactions exist between glycine--CA than for glycine--SA, which is attributed due to the presence of additional hydrophilic groups in CA that leads to the formation of hydrogen bonds.
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